Alternative splicing of pre-messenger RNA is a key feature of transcriptome expansion in eukaryotic cells, yet its regulation is poorly understood. Spliceosome assembly occurs co-transcriptionally, raising the possibility that DNA structure may directly influence alternative splicing. Supporting such an association, recent reports have identified distinct histone methylation patterns, elevated nucleosome occupancy and enriched DNA methylation at exons relative to introns. Moreover, the rate of transcription elongation has been linked to alternative splicing. Here we provide the first evidence that a DNA-binding protein, CCCTC-binding factor (CTCF), can promote inclusion of weak upstream exons by mediating local RNA polymerase II pausing both in a mammalian model system for alternative splicing, CD45, and genome-wide. We further show that CTCF binding to CD45 exon 5 is inhibited by DNA methylation, leading to reciprocal effects on exon 5 inclusion. These findings provide a mechanistic basis for developmental regulation of splicing outcome through heritable epigenetic marks.
Alternative splicing of pre-messenger RNA is a key feature of transcriptome expansion in eukaryotic cells, yet its regulation is poorly understood. Spliceosome assembly occurs co-transcriptionally, raising the possibility that DNA structure may directly influence alternative splicing. Supporting such an association, recent reports have identified distinct histone methylation patterns, elevated nucleosome occupancy and enriched DNA methylation at exons relative to introns. Moreover, the rate of transcription elongation has been linked to alternative splicing. Here we provide the first evidence that a DNA-binding protein, CCCTC-binding factor (CTCF), can promote inclusion of weak upstream exons by mediating local RNA polymerase II pausing both in a mammalian model system for alternative splicing, CD45, and genome-wide. We further show that CTCF binding to CD45 exon 5 is inhibited by DNA methylation, leading to reciprocal effects on exon 5 inclusion. These findings provide a mechanistic basis for developmental regulation of splicing outcome through heritable epigenetic marks.
It is estimated that greater than 90% of human genes undergo alternative splicing of pre-mRNA 1,2 and aberrant splicing has been implicated in a number of human diseases 3 . Alternative splicing decisions are determined by the ability of weak splice sites to effectively compete with strong splice sites for detection by the spliceosome 4 . The balance between splice site selection is principally influenced by two variables 5 : (1) the availability of splicing factors that detect enhancer or silencer sequences encoded within nascent RNA 4, 6 and (2) the rate of RNA polymerase II (pol II) transcription elongation, wherein a slow rate favours co-transcriptional spliceosome assembly at weak splice sites 7, 8 . A surprising result of genome-wide chromatin-immunoprecipitationsequencing (ChIP-seq) studies is the non-random distribution of several epigenetic marks in exons relative to introns. In particular, exons show elevated nucleosome density, DNA methylation of cytosine, and overrepresentation of certain histone modifications, relative to introns [9] [10] [11] [12] [13] [14] [15] . Differential 'marking' of exons on DNA highlighted a possible connection between DNA structure and co-transcriptional RNA processing. Accordingly, several recent studies suggest that exonic histone modification may affect variable inclusion of alternative exons 16, 17 . Collectively, these studies raise the intriguing possibility that epigenetic modifications are maintained on DNA to aid the spliceosome in the process of exon definition 9, 13 , and that differential chromatin assembly may represent a critical aspect of alternative splicing regulation.
Processing of CD45 pre-mRNA (also known as PTPRC) is a well established model system to study the regulatory mechanisms of alternative splicing. CD45 is a trans-membrane protein tyrosine phosphatase that initiates signalling through antigen receptors by dephosphorylating the inhibitory tyrosine on Src family kinases 18 . Variable exclusion of exons 4-6 (A-C) of CD45 transcripts is tightly correlated with stages of lymphocyte development and expressed splice variants can be distinguished using isoform-specific antibodies and flow cytometry 19 ( Supplementary Fig. 1 ). In general, the larger, exon 4-containing isoforms (CD45RA) are expressed early in peripheral lymphocyte development, whereas the shortest isoform (CD45RO), which lacks all three variable exons, is expressed in terminally differentiated lymphocytes 19 . We recently identified heterogeneous ribonucleoprotein L-like (hnRNPLL) as a tissue-specific master regulator of the CD45RA to CD45RO transition in peripheral lymphocytes 20 . hnRNPLL binds to exons 4 and 6 of CD45 mRNA and blocks the inclusion of both exons in the mature message 21 . In contrast, hnRNPLL expression does not influence exclusion of exon 5 (refs 20, 22; Supplementary Fig. 2a) . In vitro studies aimed at uncovering regulators of exon 5 exclusion have identified several ubiquitously expressed splicing factors 22, 23 . However, peripheral lymphocytes retain exon 5 until the terminal stages of development 24 ( Supplementary Fig. 2b ), portending a yet uncovered layer of regulation.
CTCF regulates exon 5 inclusion in CD45 mRNA
Considering the growing evidence for DNA-mediated regulation of spliceosome assembly, we explored the hypothesis that exon 5 inclusion is mediated by the epigenetic structure of the gene encoding CD45. By analysing published ChIP-seq data within the UCSC genome browser 25, 26 , we identified a strong CTCF peak overlapping with exon 5 across cell types. CTCF is an 11 zinc-finger DNA-binding protein with multiple nuclear functions, largely grouped into two categories: insulating inactive regions of the genome from active regions and promoting long-range interactions between distal regions of the genome 27, 28 . Whereas intergenic CTCF is an effective barrier to transcription 27 , we found that CTCF binding at exon 5 is maintained in cells that actively transcribe abundant CD45 (ref. 26) and that exon 5 binding is conserved in murine splenocytes ( Fig. 1a and Supplementary  Fig. 2c ), indicating an important, position-dependent 'non-insulator' function. We thus explored whether and how CTCF binding at CD45 exon 5 DNA influences processing of CD45 transcripts.
To dissect the impact of CTCF on exon 5 splicing in a cell-based system, we screened several human Burkitt lymphoma B cell lines for differences in expression of the exon 5 containing CD45RB isoform.
Whereas lymphocyte cell lines generally express high levels of CD45RB ( Supplementary Fig. 2d, e) , culturing BL41 cells in nonheat-inactivated fetal bovine serum (FBS) resulted in bimodal CD45RB expression. CD45RB low cells (RB low ) were sorted from the bimodal population and stably maintained (Fig. 1b) . Parental BL41 cells (RB high ) and sorted RB low cells express equivalent exon 4-containing CD45RA isoforms and total CD45 (Fig. 1b) , indicating specific exclusion of exon 5 in the RB low population. Quantitative RT-PCR with exon junction spanning primers validated exon 5 skipping: RB low cells showed reduced exon 4/5 and exon 5/6 junctions, but enhanced exon 4/6 junctions relative to RB high cells (Fig. 1c) . Notably, several histone modifications that that have been previously linked to alternative splicing (H3K36me3, H3K27me3, H3K4me3) 16, 29 are equivalently detected at exon 5 in RB high and RB low cells ( Supplementary Fig. 3a, b) . CTCFChIP in the newly identified RB high and RB low BL41 cells, and CD45RB-high BJAB cells revealed a strong positive correlation between exon 5 inclusion in CD45 mRNA and CTCF binding at CD45 exon 5 DNA (Fig. 1b-d and Supplementary Fig. 2e ), particularly in BJAB cells, which also express elevated CTCF protein ( Supplementary Fig. 3c ). In agreement with the observation that exon 5 splicing is independent of hnRNPLL, modulation of hnRNPLL expression did not influence CTCF binding to CD45 exon 5 ( Supplementary Fig. 3d ).
To assess whether the association between CTCF binding and exon 5 inclusion reflects a direct role for CTCF in CD45 alternative splicing, we used RNA interference to deplete CTCF from our B cell lines (Supplementary Fig. 4a ). Decreasing CTCF levels in bimodal BL41 cells led to a marked loss of CD45RB expression without reducing overall CD45 levels ( Fig. 2a and Supplementary Fig. 4b ). Similarly, CTCF depletion in RB low cells and BJAB cells led to a substantial loss of CD45RB staining with little effect on overall CD45 levels (Fig. 2a) . Quantitative RT-PCR of CD45 mRNA in CTCF-depleted RB low and BJAB cells validated reduced exon 5 expression and increased exon 4/6 junctions (Fig. 2b, c, respectively; Supplementary Fig. 4c , additional transductions), confirming that CTCF mediates exon 5 inclusion.
CTCF promotes pol II pausing at CD45 exon 5
We next investigated the mechanism by which CTCF binding to CD45 DNA influences mRNA splicing outcomes. Given that genome-wide ChIP-seq studies have revealed overlapping intragenic CTCF and pol II peaks 30 , we examined whether CTCF promotes inclusion of exon 5 through interference with pol II elongation. ChIP confirmed significant enrichment of pol II at CD45 exon 5 DNA, but not at adjacent regions in RB high cells as compared to RB low cells (Fig. 3a) . Using antibodies specific to pol II phosphorylated on the carboxy-terminal domain (CTD), we further showed that elevated pol II at CD45 exon 5 in RB high cells is associated with the elongating form phosphorylated on serine 2 of CTD YSPTSPS heptad repeats 31 ( Supplementary Fig. 5a , b). Notably, CTCF depletion from RB high cells ( Supplementary Fig. 5c , d) reduced both CTCF binding (Fig. 3b) and pol II levels at CD45 exon 5 (Fig. 3c) . 
ARTICLE RESEARCH
The above data definitely link CTCF binding, pol II pausing and exon 5 inclusion, but do not exclude additional, context-dependent secondary effects. To query whether CTCF binding to an actively transcribed template is sufficient to promote pol II pausing, we assembled a pol II ternary elongation complex from synthetic DNA and RNA oligonucleotides and highly purified yeast pol II 32 . A CTCF binding site was incorporated into the template DNA at position 26 relative to the hybridization location of a 9-nucleotide RNA primer (Fig. 3d) . CTCF binding to the target sequence was confirmed by electrophoretic mobility shift assay (EMSA) ( Supplementary Fig. 6a ). Incubation with pol II and increasing amounts of recombinant CTCF resulted in pausing immediately upstream of the CTCF binding site (Fig. 3d) . Extended incubation or introduction of the elongation factor TFIIS substantially reduced pausing and led to near complete escape of paused pol II ( Fig. 3d and Supplementary Fig. 6b ). Thus, CTCF can autonomously promote pol II pausing, but not complete arrest, on a naked DNA template. These data establish CTCF as a direct impediment to transcription that can act in the absence of a particular nucleosome structure or chromatin context. Furthermore, the ability of paused pol II to resume transcription efficiently in the presence of CTCF supports a physiological role for CTCF in favouring exon inclusion through transient, spatiotemporal pol II pausing.
Having demonstrated that CTCF can promote pol II pausing, we explored the relationship between CTCF, pol II and exon inclusion in a tractable, endogenous system. We generated a wild-type minigene extending from intron 3 through intron 7 of human CD45 genomic DNA (I3-I7), as well as a mutant analogue, in which the exon 5 CTCF binding site was disrupted through nucleotide substitution (I3-I7*CTCF) ( Fig. 3e and Supplementary Fig. 6c ). The 11 zinc fingers of CTCF support multiple contacts to substrate DNA 33, 34 and a minimum of five substitutions within the core motif 35 were required to significantly ablate CTCF binding (EMSA, Supplementary Fig. 6d ).
To avoid detection of endogenous CD45, which is confined to the haematopoietic lineage 18 , the minigenes were transfected into several fibroblast cell lines. In addition to human HEK293 cells, murine NIH3T3 and hamster CHO cells were used to specifically amplify human minigene CD45 DNA in ChIP analyses. CTCF ChIP of transfected NIH3T3 and CHO cells confirmed robust binding to exon 5 of the I3-I7 minigene, and complete disruption of binding to the mutated, I3-I7*CTCF minigene (Fig. 3f) . Quantitative RT-PCR indicated that both minigenes were comparably expressed and approximated endogenous CD45 levels in immune cells ( Supplementary Fig. 6e ). Mutation of the CTCF binding site in exon 5 led to a marked decrease in 4/5 and 5/6 junctions, and increase in 4/6 junctions in all three cell types (Fig. 3g , h, i, respectively), resulting in an overall 50-1003 decrease in exon 5 inclusion. Notably, ChIP confirmed increased pol II occupancy at exon 5 in the I3-I7 minigene, but not in the mutated, I3-I7*CTCF minigene (Fig. 3j) . As the two minigenes are identical in every regard minus the five core nucleotides of the CTCF binding site, these data establish CTCF as a direct regulator of CD45 exon 5 inclusion, which operates through promoting local pol II pausing.
DNA methylation inhibits exon 5 CTCF binding
Armed with the knowledge that CTCF binding to exon 5 DNA regulates inclusion, and given that exon 5 is variably excluded during lymphocyte maturation, we asked whether and how CTCF binding is modulated to influence splicing outcome. Whereas CTCF is ubiquitously expressed, binding to DNA is inhibited by methylation on CpG dinucleotides 27, 34 . Several recent studies have shown that DNA methylation is substantially enriched at exons relative to introns 14, 15, 36 , suggesting a role in pre-mRNA processing, yet a causal relationship between these processes has not been demonstrated. Methylated 
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DNA immunoprecipitation (MedIP) in our B-cell lines suggested that CTCF binding at CD45 exon 5 and associated exon inclusion are indeed regulated by DNA methylation: we detected a strong inverse correlation between CTCF and 5-methylcytosine at CD45 exon 5, but not at adjacent exons (Figs 1d, 4a) . To assess whether DNA methylation of CD45 exon 5 and reciprocal loss of CTCF binding contribute to exon 5 exclusion during the transition from naïve to mature T lymphocytes, CD3
1 T cells were isolated from human peripheral blood and sorted into RB high (naive) and RB medium (mature) populations 19 ( Fig. 4b) . MedIP confirmed significant enrichment of CD45 exon 5 methylation (Fig. 4c) and reduced CTCF binding (Fig. 4d) in RB medium cells compared to RB high peripheral T cells. Thus, CTCF binding and CD45 exon 5 inclusion are inversely related to DNA methylation in several transformed cell lines and in primary T cells.
To determine whether dynamic methylation of CD45 exon 5 DNA is a regulatory mechanism contributing to CD45 alternative splicing, we modulated methylation through inhibition of the DNA maintenance methyltransferase, DNMT1. We reasoned that, if elevated exon 5 methylation and consequent reduced CTCF binding were the principal components distinguishing RB low and RB high cells, inhibition of methylation should cause RB low cells to revert to an RB high phenotype. Indeed, DNMT1 depletion in RB low cells ( Supplementary Fig. 7a , b) reduced 5-methylcytosine levels ( Fig. 4e ) and restored CTCF binding at CD45 exon 5 (Fig. 4f) , leading to enhanced exon 5 inclusion in CD45 mRNA, as evidenced by increased exon 4/5 and 5/6 junctions ( Supplementary Fig. 7c ) and cell-surface CD45RB (Fig. 4g) . Notably, increasing CTCF binding in RB low cells through reduced exon 5 methylation also reinstated local pol II pausing (Fig. 4h) . In addition to identifying dynamic DNA methylation as a possible regulatory mechanism governing CD45 alternative splicing in vivo, these data establish CTCF as the first mechanistic link between DNA methylation and alternative pre-mRNA splicing.
Global effects of intragenic CTCF on splicing
Although studies of CTCF function have been largely restricted to intergenic activities, CTCF ChIP-seq studies found that approximately 40-45% of CTCF binding sites are located intragenically 35, 37, 38 . Based on our observations with CD45, we propose that some portion of intragenic CTCF binding sites operate to influence pre-mRNA processing decisions. To globally address the impact of CTCF on alternative splicing, we performed CTCF ChIP-seq in BL41 and BJAB cells to produce cell-type-specific CTCF binding maps, and high-throughput RNA-sequencing (RNA-seq) of total RNA from CTCF-depleted BL41 and BJAB cells and their relevant controls (CTCF-sh3, Fig. 2a) . Mapping of overall CTCF binding sites in BL41 and BJAB cells indicated comparable distribution patterns to previous reports (Supplementary Table 2 ). The mixture of isoforms (MISO) model was applied to RNA-seq data (Supplementary Table 3) to identify exons with a high probability of differential expression in response to CTCF depletion, as assessed by the Bayes factor confidence index 39 . Exons showing altered inclusion in response to CTCF depletion were further subdivided into three categories based on proximity to a local CTCF binding site: unbound by CTCF, or CTCF-bound within 1 kilobase downstream or upstream of the exon (Fig. 5a and Supplementary Table 4) . CTCF is a global regulator of transcription 27 and depletion would be expected to result in some level of alternative splicing due to alterations in upstream pathways. Accordingly, MISO identified exons that were differentially included in mRNA in response to CTCF depletion, but were not locally bound by CTCF on the corresponding DNA. Importantly, in BL41 and BJAB cells, alternative exons not bound by CTCF were centred at zero across Bayes factor thresholds, indicating that secondary effects of CTCF depletion showed no preference towards exon inclusion or exclusion (Fig. 5b, c, respectively) . Similarly, CTCF binding upstream of the differentially expressed exon did not show a statistically significant bias towards exon inclusion or exclusion (Fig. 5b, c and Supplementary Fig. 8a, b) . However, we detected a strong correlation between CTCF depletion and exon exclusion if CTCF is bound downstream of the alternative exon in both BL41 and BJAB cells (Fig. 5b, c and Supplementary Fig. 8a, b) . We additionally identified CTCFbound exons that showed reduced inclusion in BL41 and BJAB cells, as well as unique examples, indicating a degree of cell-type specificity (Supplementary Figs 8c, 9a and Supplementary Table 4) .
These genome-level data are consistent with our observations in the CD45 model system, wherein CTCF binding downstream of the weak 39 splice site flanking exon 5 promoted inclusion of exon 5 in mature message, but had no effect on exon 6 (Figs 1c, d and 2b, c). As we had mechanistically linked CTCF-associated pol II pausing to CD45 exon 5 inclusion, we examined pol II occupancy at the downstream CTCF sites that led to reduced exon inclusion upon CTCF depletion. Inspection of publicly available CTCF ChIP-seq data from CD4 1 T cells 37 indicated high conservation of these CTCF binding sites 26 . 
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Analysis of the corresponding pol II ChIP-seq data 37 revealed a stronger enrichment of pol II at downstream CTCF binding sites relative to upstream exons (Fig. 5d) . Enrichment of pol II occupancy at CTCF binding sites compared to associated upstream alternative exons was confirmed for several genes in BJAB and BL41 cells ( Supplementary  Fig. 9b ). Together with our CD45 data, we conclude that CTCF bound downstream of alternative exons promotes pol II pausing, providing the necessary temporal context for co-transcriptional spliceosome assembly at weak upstream splice sites.
Discussion
In recent years, the link between DNA structure and pre-mRNA processing has been gaining increasing attention. Reports of increased nucleosome occupancy and DNA methylation as well as distinct histone methylation patterns at exons relative to introns have fuelled the hypothesis that exons are differentially marked to aid the spliceosome in the process of exon definition 16, 17 . It has further been shown that pol II occupancy increases in the vicinity of exons, although whether a function of DNA sequence, chromatin structure or the presence of DNA-binding proteins has not been defined. Recently, several studies have linked modification of distinct histone methylation patterns to alternative splicing 16, 17 . However, exonic histone methylation was shown to be equivalent in other models of robust exon inclusion versus exclusion 40 , suggesting that, although histone methylation patterns may prime splicing decisions, they probably do so in concert with other factors. Consistent with the latter, we observed comparable histone methylation at exon 5 whether or not exon 5 was included in the CD45 message ( Supplementary Fig. 3a, b) . Rather, we show that mutually exclusive DNA methylation and CTCF binding regulate exon 5 inclusion through influencing pol II elongation dynamics ( Supplementary Fig. 10 ). Given that mapping of CTCF binding sites shows roughly 40-70% conservation between tissues 27 , it is tempting to speculate that altered DNA methylation patterns during development can lead to variations in intragenic CTCF binding that thereby contribute to tissue-specific alternative splicing patterns. This may be especially relevant in pathological conditions, such as cancer, where widespread changes in DNA methylation, altered CTCF binding, and aberrant alternative pre-mRNA splicing have been reported 15, [41] [42] [43] . We predict that our identification of CTCF as a DNA-binding regulator of alternative pre-mRNA splicing represents the tip of the iceberg, and that a long list of location-specific DNA-binding 'splicing factors' will follow.
METHODS SUMMARY
Experiments were performed with BJAB and BL41 cells or primary lymphocytes. CD45 isoform analysis was achieved with isoform-specific antibodies or panantibody directed against a common region of CD45. Transductions were executed with vesicular stomatitis virus G (VSV-G)-pseudotyped lentivirus, and selected for puromycin resistance. Quantitative RT-PCR was performed on cDNA from total RNA. Protein lysates were prepared with RIPA buffer. ChIP and MedIP were conducted with formaldehyde cross-linked, sonicated material. In vitro transcription elongation was performed with yeast RNA pol II, yeast TFIIS and human CTCF. Minigenes were cloned into the pCI-neo (Promega) construct and transfected with Lipofectamine 2000 (Invitrogen). ChIP-Seq and RNA-Seq were executed with the Illumina platform. For ChIP-Seq, Illumina FastQ files were mapped to the human genome (hg19). Peak calling was run using Rabbit Ig control sequencing data as background. For RNA-Seq, exon inclusion levels were determined using the MISO program 39 . against increasing Bayes factor thresholds. *P , 0.05, **P , 0.01, ***P , 0.001, Wilcoxon rank sum test for differences in exon inclusion at the different thresholds. c, Same as b for BJAB shCTCF compared with wild-type BJAB cells (from Fig. 2a) . d, Normalized CD4 1 T cell RNA pol II read signal centred on the alternative exon or the corresponding downstream CTCF peak summit.
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METHODS
Cell culture. BJAB and BL41 cells were maintained at 37 uC, 5% CO 2 in RPMI (Invitrogen) supplemented with 10% FBS (Hyclone), and 1% L-glutamine. BJAB and parental RB high BL41 cells were cultured in heat-inactivated FBS, whereas RB low BL41 cells were initially kept in native FBS, but were ultimately transitioned into inactivated serum. JSL1 cells were maintained at 37 uC, 5% CO 2 in RPMI (Invitrogen) supplemented with 5% FBS (Hyclone), and 1% L-glutamine. Primary human peripheral blood lymphocytes were purified by spinning through Ficoll Paque (GE Healthcare). Isolated cells were washed twice with PBS and CD3
1 T cells were isolated with CD3 1 microbeads (Miltenyi Biotech). Primary murine splenocytes were isolated from whole spleen of BL/6 mice. Single-cell suspensions were lysed with ACK lysis buffer (0.15 M NH 4 CL, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA) to remove red blood cells before ChIP assay. JSL1 cells were stimulated at a concentration of 3 3 10 5 cells per ml. Phorbol 12-myristate 13-acetate (PMA) was added at a final concentration of 20 nM. Flow cytometry was performed 2 days post-stimulation. Virus production. Constructs encoding shRNA directed against CTCF and DNMT1 were obtained from Open Biosystems and were transfected (Lipofectamine 2000, Invitrogen) along with VSV-G and gag/pol (courtesy of The RNAi Consortium of the Broad Institute) into 293T cells for viral production. Viral supernatants were concentrated 503 and aliquoted for storage. Cell line infection. BJAB and BL41 cells were plated in 96-well round-bottom plates at 100,000 cells per well. Five microlitre of virus and 8 mg ml 21 polybrene were added per well and the plate was spun at 760g for 90 min. The supernatants were removed and fresh media was added. Puromycin was added at a final concentration of 5 mg ml In vitro transcription elongation assay. RNA pol II from yeast Saccharomyces cerevisiae containing a histidine-tagged Rpb3 subunit was purified as described previously 45 . Histidine-tagged TFIIS expression plasmid 46 was a gift from C. Kane. Recombinant TFIIS was purified according to ref. 46 , with an additional purification on a Mono-S column (GE Helthcare). Human CTCF recombinant protein was obtained from Abnova (catalogue no. H00010664-P01, batch no. 0991020-2).
Elongation complex incorporating a 9-nt RNA was assembled as described previously 47 , purified with Amicon Ultra-0.5 ml centrifugal filter (Millipore), and diluted with transcription buffer (TB; 20 mM Tris-HCl pH 7.9, 5 mM MgCl 2 , 10 mM 2-mercaptoehanol, 40 mM KCl, 0.1 mg ml -1 BSA). The reaction was initiated by mixing 5 ml of TEC 1/2 X mM CTCF with 5 ml of 0.1-0.5 mM NTP (GE Healthcare) 1/2 1 mM TFIIS in TB and was terminated with gelloading buffer (5 M urea, 25 mM EDTA at final concentration). RNA products were resolved in 20% denaturing polyacrylamide gels and visualized with a Typhoon 8600 phosphoimager (GE Helthcare). Oligonucleotides used for elongation complex. Sequences of RNA and DNA oligonucleotides are as follows. RNA, 59-AUCGAGAGG-39; DNA with CTCF binding site, non-template strand, 59-GGTATAGGATACTTACAGCCATCGA GAGGGACAAGGCGAAAGCATCCACCAGGGGGCGCCAGCTAAT-39; template strand, 59-ATTAGCTGGCGCCCCCTGGTGGATGCTTTCGCCTTGTCC CTCTCGATGGCTGTAAGTATCCTATACC-39. Electrophoretic mobility shift assay (EMSA). The CTCF-binding oligonucleotides used for EMSA correspond to either the template used for in vitro transcription ( Supplementary Fig. 6a ) or the CTCF binding sites in the wild-type and mutated I3-I7 minigenes ( Supplementary Fig. 6d ). The two strands of DNA were annealed, 59 end-labelled with [c- 32 P] ATP and purified with a G-50 Micro column (GE healthcare). DNA probe (3 pM) equalling approximately 70,000 c.p.m. was mixed with glutathione S-transferase (GST)-tagged CTCF in binding buffer containing PBS and 5 mM MgCl 2 , 0.1 mM ZnSO 4 , 1 mM DTT, 0.1% NP40 and 10% glycerol. EMSA reaction mixtures (20 ml final volume) were incubated for 20 min at room temperature followed by electrophoresis on 5% native polyacrylamide gels and visualized as described above for in vitro transcription. EMSA DNA probe sequences. In vitro transcription probe, 59-CATCCACCAG GGGGCGCCAGCTAAT-39 and 59-ATTAGCTGGCGCCCCCTGGTGGATG-39; wild-type exon 5 probe, 59-TCAGTTCCAGCAGAGGGCGTCTGCG-39 and 59-CGCAGACGCCCTCTGCTGGAACTGA-39; mutated exon 5 probe, 59-TCAG TTAAAGCTGAGTACGTCTGCG-39 and 59-CGCAGACGTACTCAGCTTTAA CTGA-39. ChIP-Seq analyses. Illumina FastQ files were mapped to the human genome (hg19) using Bowtie 48 requiring a unique match (using the '-m 1' flag). The aligned reads in SAM format were converted to BED format before running the MACS peak caller 49 . MACS peak calling was run using the rabbit Ig control sequencing data as background files for BJAB and BL41 CTCF ChIP-Seq data, respectively. The number of peaks identified per ChIP-Seq sample and sequenced reads are listed in Supplementary Table 2 .
To investigate the effects of CTCF binding upon pre-mRNA splicing, we compared CTCF ChIP-Seq peaks with a set of alternative exons 1 requiring that the CTCF peak summit was located within 1,000 bp of the alternative exon boundaries (see Fig. 5a ). Based on the presence of local CTCF peaks in BL41, BJAB and CD4 we classified each alternative exon into exons that were unbound by CTCF, and exons with either downstream or upstream CTCF binding. Classified unbound exons lacked CTCF peak summits in both the alternative exon body and within 1,000 bp on either side of the alternative exon. Exons with downstream CTCF binding had one or more CTCF peak summits within the region spanning from the alternative exon 59 splice site and 1,000 bp downstream in one or more of the CTCF data in BJAB, BL41 or CD4. Any alternative exons with a downstream CTCF peak but additional peak summits in the upstream region or within the alternative exon were not considered. The reciprocal procedure was used to classify exons with upstream CTCF binding. Alternative exons classified by local CTCF binding together with exon inclusion levels are provided in Supplementary Table 4 . RNA-Seq analyses. Illumina FastQ files were mapped to the human genome (hg19) and a collection of junctions using Tophat version 1.1.4 (ref. 50) , using the paired-end mode and requiring a unique match. The resulting SAM file with uniquely mapped reads was converted to BAM format using samtools 51 . Mapping statistics for the RNA-Seq data are provided in Supplementary Table 3 . We estimated exon inclusion levels of a collection of 42,557 alternative exons (approximately the same as in ref. 1) using the MISO program 39 with the default parameters using the 'compute-genes-psi' function. The estimated exon inclusion levels from different RNA-Seq experiments were compared using MISO function 'compare-samples' to obtain exon inclusion level differences and Bayes factors. Statistically significant differences in exon inclusion levels between CTCF-bound and -unbound exons at different thresholds were evaluated using the Wilcoxon rank sum test. The overall difference in gene expression across RNA-Seq samples was evaluated using singular value decomposition. First we computed the expression level of each Refseq transcript as reads per kilobase and million mappable reads using the rpkmforgenes program 52 . The full gene expression matrix was normalized to unit length per transcript and subsequently used as input for singular value decomposition using the svdman program 53 . The result in Supplementary Fig. 8c was obtained by projecting each sample onto the first two 'eigenarrays' 54 . RNA polymerase II ChIP-Seq analysis. We generated normalized RNA polymerase II fold enrichment signals over a set of regions by dividing the observed read sum at each position with the expected read sum computed as: (total_reads * read_length * number_of_regions) / genome_length. The normalized fold enrichment at each position was smoothened by window averaging using a window size of 100 nucleotides. We analysed all alternative exons with a downstream CTCF peak summit conserved in CD4
1 T cells (Supplementary Table 4 ) after removing exons with a CTCF peak within 1,000 bp of an annotated transcript start site or poly A site in Ensembl (to remove effects from strong RNA pol II signals at transcript start and end locations). This procedure rendered 408 exons from which we computed both the CTCF peak summit position and exon middle coordinate. These two sets of 408 genomic coordinates each were used as the centre for the analysis in Fig. 5d . The same procedure was used to generate CTCF peak summits and middle exon positions for alternative exons with a conserved CTCF peak in the upstream region for Supplementary Fig. 8e (number of exons identified was 416). Minigenes and transfection. CD45 minigenes were cloned into the pC1-neo mammalian expression vector (Promega). The wild-type CD45 minigene consists of 9.7 kb of CD45 genomic DNA sequence extending from 2.4 kb of intron 3 through 588 bp of intron 7. The I3-I7*CTCF minigene was made by mutating the CTCF binding site of exon 5 using site-directed mutagenesis with the primers indicated in Supplementary Table 1 . The minigenes were transfected (Lipofectamine 2000, Invitrogen) along with pC1-neo vector control into HEK293 cells, CHO cells and NIH-3T3 cells. Cells were collected 48 h after transfection for RNA isolation (RNeasy, Qiagen) and chromatin immunoprecipitation. Transfection was performed in triplicate for HEK293 and CHO cells, with an individual RNA preparation (HEK293 and CHO) and duplicate ChIPs (CHO) derived from each of the three dishes. Transfection was performed in a single dish for NIH3T3 cells with three individual RNA preparations and triplicate ChIPs derived from the one dish.
